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Abstract 
We report a molecular modeling study to evaluate and select conducting polymers (CPs) as the sensing materials of 
carbon dioxide (CO2) sensor. The interaction between polymer and gas and the adsorption of the gas molecules in the 
polymer matrix are investigated. Polymers considered for this work include emeraldine base polyaniline (EB–PANI) 
and unprotonated sodium polyaniline salt (NaSPANI) with sulfur to nitrogen ratio (S/N) of 0.4, 0.5 and 0.6. Gases 
studied include CO2, humidity (H2O) and carbonic acid (H2CO3). The interaction energies of polymer-gas and the 
loading number of the analytes predict that the NaSPAN is more suitable for CO2 sensing than the EB–PANI. 
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
CO2 is an essential component for photosynthesis. The ambient CO2 concentrations directly affect the 
crop growing period, their quality and yield. The ability to monitor the CO2 levels in a closed 
environment is essential for greenhouses. The tightly clad greenhouses need reliable and inexpensive 
sensor devices that enable direct, high sensitive/selective and rapid analysis of the target species at room 
temperature under high humidity conditions. At present, the metal oxide based sensors, which are the 
most commonly used commercially sensors, cannot achieve such requirements [1]. Nevertheless, for the 
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greenhouse application, CPs based sensors outweighed the metal oxide based sensors in terms of low 
cost, room-temperature operations, easy device fabrication, high sensitivity and short response time [1]. 
Amongst the family of CPs, EB–PANI and its derivatives (e.g. NaSPANI) [2], are good candidates for 
CO2 sensing due to their ease of synthesis, environmental stability, and simple doping/dedoping 
chemistry [1,3,4]. The sensing principle of CO2 gas with the polyaniline consists of two steps [5]: (i) CO2
reacts with H2O to form carbonic acid (H2CO3) and dissociates into H+ and HCO3–, and (ii) protonic acid 
doping of the insulated form to the conductive metallic form. CO2, H2O and H2CO3 gaseous molecules 
which are present in the greenhouses, are the key components for sensing. Their interaction with the 
polymers as revealed by1) the interaction energy of polymer-gas and 2) the loading number of CO2, H2O 
and H2CO3 in the polymer matrix can affect the sensor response. Molecular modelling, which is widely 
used to study the interaction between polymer and small molecules, have been widely used to screen and 
design sensing materials for sensor applications [1,3,4,6].  
This study focuses on evaluation and selection of the sensing materials for CO2 sensors by predicting 
the interaction energy of polymer-gas and the loading number of analytes per unit polymer matrix using 
molecular modeling. Polymers considered for this work include EB–PANI and non-doped NaSPANI with 
S/N (0.4, 0.5 and 0.6). The analytes studied are CO2, H2O and H2CO3 related to CO2 sensing. 
2. Molecular models and Simulations 
The molecular simulations are performed by using the commercial software Materials Studio® 5.0. 
Simulation techniques include molecular statics (MS) and molecular dynamics (MD) with canonical 
ensemble (NVT-MD), isothermal-isobaric ensemble (NPT-MD) and grand canonical ensemble. All the 
simulations are performed with the licensed and encoded COMPASS forcefield [3,4], ‘Ewald’ summation 
method is employed to calculate the electrostatic/van der Waals forces and a cutoff value of 9.5 Å is used. 
2.1. Building polymers and amorphous polymer models 
Polymer molecules which were constructed using the polymer builder [7], are assembled into a three-
dimensional (3D) box with periodic boundary conditions by Amorphous Cell module [1]. The amorphous 
polymer models contain 930–1122 atoms in cubic boxes of 21–26 Å length. After the geometry 
optimization, the amorphous polymer bulk is then compressed to the experimental density and 
equilibrium structure by density and structural relaxation using NPT-MD and NVT-MD dynamics.  
2.2. Fixed loading and fixed pressure simulation 
Fixed loading and fixed pressure simulations are respectively employed to estimate the interaction of 
polymer–gas molecule and predict the loading number of sorbate molecules into polymer matrix at 298 K 
using the Metropolis Monte Carlo method [8]. The configurations in the fixed loading and the fixed 
pressure simulation are respectively sampled from a canonical ensemble and a grand canonical ensemble.
3. Results and discussion 
3.1. Density and structural relaxation of polymer models
Fig. 1 (a) shows the density of polymers as a function of dynamics time by performing NPT-MD 
simulations at 298 K in a pressure of 1 bar as controlled by Berendsen’s method [3,4]. The predicted 
densities decreases NaSPANI (S/N = 0.6), NaSPANI (S/N = 0.5), NaSPANI (S/N = 0.4) and EB−PANI. 
Fig. 1(b) gives the potential energy (Epotential) of the polymer systems in a NVT-MD simulation at 298 K 
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with a dynamic time up to 1 ns using the ‘Nosé’ thermostat. The figure illustrates a constant potential 
energy of the structure which implies an equilibrium/relaxed final structure of the polymer. It can also be 
seen in Fig. 1(b) that the potential energy of NaSPANI is lower than that of EB–PANI. According to the 
potential energies, the stability of these structures decreases from NaSPANI (S/N = 0.6), NaSPANI (S/N = 
0.5), NaSPANI (S/N = 0.4) and EB−PANI. 
   (a)                                  (b) 
Fig. 1. (a) Predicted density vs. equilibration time plots of the active layers of sensors obtained by NPT-MD; (b) Potential energy vs.
time plots of the polymer system equilibrated by NVT-MD  
3.2.  Interaction of analyte molecules with polymers 
The interaction energies of the polymers with CO2, H2O and H2CO3 are shown in Fig. 2(a). Negative 
interaction energies which imply attractive forces among the polymers and analyte have been obtained. 
Obviously, stronger interaction energies existed in the NaSPAN systems no matter the types of analyte.  
The order of polymer–analyte interaction energies for CO2, H2O and H2CO3 decreases from NaSPAN 
(S/N = 0.6), NaSPAN (S/N = 0.5), NaSPAN (S/N = 0.4) to EB−PANI. This may be due to the strong 
electrostatic energy between the analyte and the charge groups (–SO3Na) as given by the NaSPAN 
candidates. Compared with CO2, H2CO3 and H2O have stronger interaction energy with polymers. The 
reason is that the hydrogen atoms (H) in H2CO3 (or H2O) can form the hydrogen bonds with the nitrogen 
(N), oxygen (O) and sulfur (S) atoms in the polymers.  
      (a)                            (b) 
Fig. 2. (a) Polymer–analyte interaction energies and (b) Prediction of loading number of analytes in polymer matrix. 
382  X. P. Chen et al. / Procedia Engineering 25 (2011) 379 – 382
3.3. Adsorption of small molecules into polymers 
Fig. 2(b) presents the simulation result of loading number of small molecules at 101.325 kPa and 298 
K. The values of the loading number of a given sorbate gas in different polymers decrease in the order of 
NaSPANI (S/N = 0.6), NaSPANI (S/N = 0.5), NaSPANI (S/N = 0.4) to EB−PANI. The results distinctly 
indicate that NaSPANI can adsorb more CO2, H2O and H2CO3 molecules than EB−PANI. This is due to 
the fact that the NaSPANI polymers have stronger interaction with the above molecules [see Fig. 2(a)] 
and they can offer more adsorption sites to these gases. It is seen from Fig. 2(b) that the loading number 
of all the gases studied in the four polymers decreases in the order: H2O ,H2CO3 and CO2 as the “polarity” 
of these gases.  
4. Conclusions 
The molecular modeling study on evaluation and selection of CPs as the sensing materials of CO2
sensor in greenhouses is presented. The molecular models, which are capable of calculating the 
interaction energies between the polymer candidates and the analyte gases and predicting the loading 
number of adsorption gaseous molecules, are established. The study clearly shows that the NaSPANI 
polymers have stronger interaction energies with CO2, H2O and H2CO3 and can adsorb more molecules 
into the polymer matrix than the EB−PANI. We suggest the NaSPANI based CO2 sensor can offer higher 
sensitivity and selectivity than the EB−PANI counterpart.  
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